R eactive oxygen species (ROS) encompass a variety of partially reduced metabolites of oxygen, including superoxide anion (O 2 Ϫ ⅐), hydroxyl radical (⅐OH),and hydrogen peroxide (H 2 O 2 ). In the past ROS that were generated intracellularly or derived from outside sources were considered to be harmful to cells and tissues. Previous studies have shown that a high ROS level is associated with aging and various degenerative diseases, including macular degeneration and cataracts. In the case of the cornea, damage of the corneal epithelium has been observed due to prolonged use of contact lenses or UVB irradiation 1 . 2 In recent years, a growing number of studies have shown that ROS can be generated by a variety of extracellular stimuli such as integrin engagement [3] [4] [5] and cytokine or growth factor binding of the receptor in many nonphagocytic cells, including endothelial cells, 6 chondrocytes, 7 epidermoid cells, 8 lens epithelial cells, 9 and corneal epithelial cells. 10 This physiological low ROS level is used to regulate cell signaling and mediate a variety of cellular functions, including cell proliferation, differentiation, and cell adhesion and migration. This newly found ROS function is known as redox signaling, in which ROS act as a second messenger in intracellular signaling pathway by activating protein tyrosine kinases and /or inhibiting protein tyrosine phosphatase and regulating redox-sensitive gene expression. 11, 12 These studies have shed new light on the wide spectrum of biochemical effects elicited by various concentrations of ROS, indicating that maintaining redox homeostasis in cells and tissues is the key to health in general.
More notably, it was recently demonstrated that corneal epithelial cells produced ROS in response to EGF stimulation, and the ROS generated were essential in mediating cell proliferation, adhesion, migration, and wound healing. 10 Chiarugi and colleagues 12, 13 elucidated in fibroblast and other cell types that ROS were produced on integrin engagement and ROS were responsible for the direct activation of tyrosine kinase Src by oxidizing its two conserved cysteine (Cys) moieties. The oxidized and activated Src subsequently transphosphorylated epidermal growth factor receptor (EGFR) in a ligand-independent manner, allowing the prosurvival signals to be elicited and escaping from anoikis, or apoptosis due to failed integrin-ECM contact. 14 Src is widely recognized as an early mediator in integrin-triggered signaling and plays a pivotal role in cytoskeletal organization and focal adhesion assembly. 15, 16 Activation of EGFR is absolutely required for induction of proliferation and motility in many epithelia, including the corneal epithelium and the epidermis after wounding. [17] [18] [19] Although endogenous ROS has been proved to play an instrumental role in various cell functions, little work has been carried out to determine whether or not extracellular ROS may also provide beneficial effects on cells. A few reports in the literature have addressed H 2 O 2 -induced cell proliferation and differentiation, 9, 20, 21 but far fewer in examining the benefit of H 2 O 2 for cell adhesion and migration or even wound healing. Understanding whether extracellular ROS can assist such cellular functions, especially in the case of cornea wound healing, is of great ocular therapeutic interest.
Corneal epithelium may be impaired by mechanical or chemical damage or be destroyed by microbial, such as bacterial or fungal, infection. Self-regeneration of the epithelium is essential to maintain corneal transparency and normal vision of the human eye. Typically, the healing takes place within 2 to 3 days after wounding of the corneal epithelium. It starts from basal cell renewal via cell division and migration of stem cells from the limbus that flatten and form a new cover on the basement membrane. Then a more pronounced proliferation occurs, resulting in an increase in thickness and formation of its normal layers. Corneal epithelial cell adhesion and migration likely rely on the extracellular matrix (ECM)-integrin system and are the most important processes during re-epithelialization and wound healing. 22, 23 ECM proteins, such as type IV collagen, laminin, and fibronectin, are components of the corneal basement membrane. 24 When corneal injury results in destruction of the basement membrane, fibronectin is synthesized and deposited at the site of the epithelial defect and serves as a temporary matrix for epithelial cell adhesion and migration. 25, 26 In view of the importance in understanding corneal wound healing, we investigated the probable role of exogenous ROS, namely, H 2 O 2 , at low concentrations in cell adhesion, migration, and wound healing using cultured primary rabbit corneal epithelial (RCE) cells in the absence of serum growth factor and cytokine, the ex vivo model of pig eye cornea, and the in vivo model of mouse eye cornea. We have found that H 2 O 2 at 20 M in the absence of serum growth factor and cytokine showed no adverse effect on cell viability but actually stimulated adhesion and migration in cultured cells on an Fn-coated plate and enhanced pig eye cornea wound healing ex vivo as well as mouse cornea wound healing in vivo.
MATERIALS AND METHODS

Materials
Supplemented hormonal epithelial medium (SHEM) culture medium consisting of base medium (Ham's F12 and Dulbecco's modified Eagle's medium [1:1] , 100 units/mL penicillin, and 100 g/mL streptomycin), fetal bovine serum (FBS), insulin, dimethyl sulfoxide, trypsin solution, N-acetyl-L-cysteine (NAC), MTT [3-(4, 5-dimethylthiazol-2yl)-2, 5-diphenyl tetrazolium bromide], and 30% hydrogen peroxide (H 2 O 2 ) were obtained from Sigma-Aldrich (St. Louis, MO). FBS and EGF were purchased from Gibco Chemical Co. (Grand Island, NY). Neutral protease (Dispase II) was purchased from Roche Molecular Systems (Alameda, CA). PP1, a Src inhibitor, was obtained from Enzo Life Sciences (Farmingdale, NY). Src polyclonal antibody (SRC 2) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies for Src(pY416), EGFR(pY845), EGFR, vinculin(pY1065), vinculin, FAK(pY397), FAK(pY576), and FAK were purchased from Cell Signaling Technology (Beverly, MA). Anti-rabbit and anti-mouse immunoglobulin G, horseradish peroxidase-linked secondary antibodies, were obtained from Amersham (Louisville, CO). Other chemicals and reagents were of analytical grade.
Animals
Male New Zealand White rabbits (2.0 -2.5 kg) and C57BL/6 mice (25 g) were obtained from Zhejiang Academy of Medical Sciences Laboratory Animals (Zhejiang, China). Fresh pig eyes were obtained from Farmland Meat Packing Company (Crete, NE). Animals were treated in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Cell Culture
Primary RCE cells were established after the methods described in Huo et al. 10 Briefly, fresh whole corneal lamellar tissue including epithelial layer and superficial stroma was removed from the rabbit eye, treated with neutral protease (Dispase II) to loosen epithelial cells from the basement membrane, and the explants placed on a 100 mm culture dish and covered with SHEM medium and incubated at 37°C in 5% CO 2 . The explants were removed when most of the cells had outgrown from the tissues (approximately 4 days), then the cells were allowed to reach confluence (approximately 7 days). The positive immunohistochemical staining of cytokeratin-3/12 with mouse monoclonal antibodies has confirmed the cells to be corneal epithelial cells. 10 Only the second-to-third-generation passages were used for the experiments.
Primary RCE cells were grown to 80% confluence in the SHEM medium with 5% FBS and 10 ng/mL EGF. Before each experiment, the cells were gradually serum starved (with 0.5% FBS) overnight and then cultured in EGF and serum-free medium for 30 minutes before use.
MTT Assay for Cell Viability
Mitochondrial function, an indicator of cell viability, was measured in RCE cells using the MTT colorimetric assay. Briefly, cells were starved overnight. After that, cells (2 ϫ 10 5 cells /mL) were incubated with 0, 1, 5, 10, 20, 50, 60, and 70 M H 2 O 2 (diluted with serum and EGF-free medium) for 24 hours, and then medium with H 2 O 2 was removed. Cells were then washed 3 times with PBS and incubated with serumand EGF-free medium containing MTT for 3 hours The tetrazolium salt, which is taken up only by living cells, is metabolized via the action of succinic dehydrogenase to form a colored formazan product, which was extracted by DMSO and quantified colorimetrically at 570 nm in an automated microplate reader (model 550; Bio-Rad, Berkeley, CA).
Detection of Cell Adhesion with Centrifugation Assay
Quantification of cell adhesion was determined after the method of Gao et al. 27 Briefly, cells were starved overnight. After that, cells (70 -80% confluence) were detached with 0.25% trypsin (Gibco) for 1 minute, and the trypsin was then blocked with soybean trypsin inhibitor (0.2 mg/mL). The cell suspension was then pretreated with 0, 5, 10, 20, 50, and 60 M H 2 O 2 at 37°C for 15 minutes and plated to a fibronectin (Fn)-coated-96-well plate (BD Falcon; BD Biosciences, Bedford, MA) at 2 ϫ 10 5 cells /mL. The plates were centrifuged for 3 minutes at 35g at 4°C to let cells attach onto the plate. Then cells were incubated for 30 minutes or 1 hour, after which the plates were inverted and centrifuged. The 30-minute plates were centrifuged at 200g at 4°C for 5 minutes, and the 1 hr plates were centrifuged at 300g at 4°C for 5 minutes to remove the loosely bound cells. The cells remaining on the plates were stained with 0.2% crystal violet (in a 50:50 mixture of ethanol and 0.1 M, pH 4.5 NaH 2 PO 4 ), and the absorbance at 570 nm was measured by an automated microplate reader.
Cells were serum starved over night and then incubated 2 hours with or without 100 M NAC before being detached. For comparison, some cells suspension were pretreated with 100 M NAC alone for 30 minutes, and the cells in another group were pretreated with 100 M NAC for 15 minutes before exposing to 20 M H 2 O 2 for 20 minutes The centrifugation assay was done using the same process as above after the cells were allowed to adhere to the plate for 60 minutes.
The Effect of H 2 O 2 on RCE Cell Attachment to the Extracellular Matrix (ECM): Morphologic Evaluation
Cells were serum starved over night and then incubated 2 hours with or without 100 M NAC before being detached. Thereby, cell suspensions pretreated without H 2 O 2 (0 M, control group), with 20 M H 2 O 2 , with 100 M NAC alone, and with 100 M NAC ϩ 20 M H 2 O 2 were each plated onto an Fn-coated 24-well plate. At 15-, 30-, and 60-minute intervals, the suspension was removed from the plate, and cells attached to the plate were fixed in 0.25% paraformaldehyde. Photographs were taken with a phase-contrast microscope (Carl Zeiss, Thornwood, NY). cells/1 mL) and pretreated with either H 2 O 2 (0 or 20 M), 100 M NAC, or 100 M NAC ϩ 20 M H 2 O 2 were each plated onto Fn-coated glass slides. After incubation (30 min), cells were fixed with 4% paraformaldehyde for 15 minutes and permeabilized with 0.1% Triton X-100 in 1ϫ PBS for 4 minutes at room temperature. After washing, cells were preincubated for 30 minutes with 1% (w/v) BSA solution in PBS to minimize nonspecific protein-protein interactions. Then cells were incubated with Anti-vinculin (Chemicon International, Billerica, MA) for 1 hour at room temperature. After being washed 3 times with PBS, double-labeling TRITC-conjugated (Chemicon International) phalloidin was incubated simultaneously with the secondary antibody (AP124F; Chemicon International) for 30 -60 minutes at room temperature. The staining was observed under confocal fluorescence microscopy (Olympus, Center Valley, PA).
Immunoblotting Analysis: Phosphorylation of Src, EGFR, and Focal Adhesion Molecules on Integrin Engagement
Cells were serum starved over night and then incubated 2 hours with or without 10 M PP1 or 100 M NAC before being detached. Thereby, cells were resuspended in serum and EGF-free medium containing with either 0 M H 2 O 2 , 20 M H 2 O 2 , 100 M NAC, 100 M NAC ϩ 20 M H 2 O 2, 10 M PP1, or 10 M PP1 ϩ 20 M H 2 O 2 and kept in suspension for 30 minutes and then plated onto an Fn-coated dish for 30 minutes. Cells were then lysed in 50 mM Tris (pH 7.5), 150 mM NaCl, and 1% protease inhibitor (Triton X-100 plus Complete; Roche) and protein tyrosine and serine/threonine phosphatases inhibitors (Millipore, Billerica, MA). Whole-cell lysate, obtained before or after adhesion, containing 15 g protein was used for immunoblotting analysis. Immunoblotting proteins were eluted by boiling for 5 minutes in a 1ϫ SDS sample buffer containing 5% (v/v) 2-mercaptoethanol. Proteins were resolved (NuPage 4 -12% BisTris gel; Invitrogen, Carlsbad, CA) and transferred to nitrocellulose membranes. The nitrocellulose membranes were immunoblotted with specific antibodies against Src (pY416), Src, EGFR(pY845), EGFR, vinculin(pY1065), vinculin, FAK(pY397), FAK(pY576), or FAK, respectively. Immunoreactive bands were detected using ECLϩ regents (Amersham) followed by chemiluminescence on x-ray film.
Scratch Wound Healing Assay In Vitro
RCE cells with 80ϳ90% confluence were serum starved overnight. Thereby, some cells were pretreated in serum and EGF-free medium containing 10 M PP1 or 100 M NAC alone for 2 hours, and the cells in other groups were pretreated with 10 M PP1 or 100 M NAC for 1 hour before exposing them together with 20 M H 2 O 2 for another hour; other cells were pretreated with 0 (control), 5, 10, 20, or 50 M H 2 O 2 alone for 1 hour. Then cells were wounded by scraping across the cell monolayer with a pipette tip, after the method of Yin et al. 28 After washing with warm PBS, cells were again incubated in the presence of 0 (control), 5, 10, 20, 50 M After the final phase, the total reoccupied wounded area was quantified with morphometric software (Image-Pro Plus; MediaCybernetics, Bethesda, MD). In total, four different areas were sampled for each group.
Ex Vivo Epithelial Wound Healing in Corneal Organ Culture
The ex vivo wound healing model in organ culture was carried out after the method described in Huo et al. 10 In brief, fresh pig (6 -8 months) eyeballs were taken from a slaughterhouse 4 hours postmortem, and the eye globes were trimmed to remove extra tissue and rinsed in PBS containing penicillin (200 units/mL) and streptomycin (200 g/mL). A blunt scalpel was used to scrape away the epithelium inside the premarked circle, and then the cornea was surgically excised along with 3-4 mm limbal conjunctiva, rinsed 3 times with PBS, and then mounted on 1% agarose gel and placed in a 60-mm plate. MEM was used to moisten the corneal surface, and the limbal conjunctiva was covered with 5 mL medium. The wounded corneas were allowed to heal for 0, 24, and 48 hours in the medium containing 20 M H 2 O 2 in a humidified 5% CO 2 incubator at 37°C. For comparison, two groups of corneas were pretreated with 40 mM NAC for 30 minutes followed with or without H 2 O 2 stimulation. Wounded cornea without treatment was used as the negative control, and unwounded cornea was used for positive control. Four corneas were used for each group. The corneas were stained by Richardson's dye to mark the wounded area at the end of incubation. Before photography (Fotovix; Tamron, Commack, NY), excess dye was removed by rinsing 3 times with PBS. Typically Richardson's dye can provide a well-delineated dark blue stain at the location of an epithelial defect, which is visible under white light and can be photographed without special filters. The wounded areas were quantified with commercial software (ImageProPlus).
Corneal Wound Healing in the Mouse Eye Model In Vivo
C57BL/6 mice (8 weeks, 25g) were anesthetized using intraperitoneal 0.1 mg/g ketamine and topical 0.4% oxybuprocaine hydrochloride (Benoxil; Santen Pharmaceutical Co., Osaka, Japan). A corneal trephine with 2.25 mm diameter was used by gently pressing the central cornea to outline a border of epithelial wound under a dissecting microscope. Then the full thickness of the central corneal epithelium was mechanically removed using a corneal epithelial spatula without damage to the basement membrane. Immediately after scraping, 0.3% ofloxacin ointment (Talivid; Santen Pharmaceutical Co.) was applied to the wounded eyes to prevent bacteria infection. These mice were randomly divided into four groups with four in each, including PBS (control), H 2 O 2treated, H 2 O 2 ϩ NAC-treated, and NAC-treated groups. Both eyes in each mouse were instilled 5 L of the treatment eye drop formula every 6 hours for a duration of 48 hours The eye drop formula contained PBS, 400 M H 2 O 2, 400 M H 2 O 2 ϩ 40 mM NAC, or 40 mM NAC, respectively. Each eye drop solution was made in PBS and adjusted to neutral pH using 5 M NaOH. The size of the corneal wound was monitored under a dissecting microscope after fluorescein staining, and pictures recorded at 0, 12, 24, 36, and 48 hour time intervals. The wounded areas were quantified with commercial software (Im-ageProPlus). The in vivo experiment was repeated for four different times.
Statistical Analysis
Data were tested for significance by statistical analysis using an unpaired Student's t test and one-way ANOVA (SPSS v. 11.0; SPSS, Chicago, IL). All values are expressed as the mean Ϯ SE. Differences were considered significant when P Ͻ 0.05.
RESULTS
Effect of Low Concentrations of H 2 O 2 on the Viability of RCE Cells
To ensure that the concentrations of H 2 O 2 to be used for cell adhesion and migration assays are not harmful to the cells, we used MTT assay to examine the effect of 1-70 M H 2 O 2 on the viability of cells. As shown in Figure 1 
Effect of H 2 O 2 at Low Concentration on Rabbit Corneal Epithelial Cell Adhesion Examined by Centrifugation Assay
Because H 2 O 2 doses Ͻ60 M had no adverse effect on cell viability, we used H 2 O 2 doses at the range of 0 -60 M to examine whether low levels of H 2 O 2 can enhance cell adhesion. RCE cells of 70 -80% confluent were made into suspension and exposed to 0 -60 M H 2 O 2 for 20 minutes, followed by adhesion for 30 or 60 minutes before testing cell adhesion using low-speed centrifugation. Apparently H 2 O 2 at low levels could significantly enhanced cell adhesion in a dose-dependent manner compared with the untreated control. As shown in Figure 2A , after 30 minutes of post-H 2 O 2 treatment, it was found that the 20 M treatment level increased adhesion 137.8 Ϯ 7.3%, and the 50 M treatment level increased adhesion 123.1 Ϯ 8.7% (P Ͻ 0.05), respectively, over the control. In the cell population of 60 minute adhesion, 5-50 M H 2 O 2 enhanced cell adhesion in a dose-dependent manner, with a maximum reached 125.7 Ϯ 2.4% over the control (Fig. 2B ). However, when a higher level of H 2 O 2 (60 M) was used, there was a slight adverse effect on cell adhesion (91.3 Ϯ 11.9%; P Ͻ 0.08). The data also indicated that H 2 O 2 -treated cells exhibited a higher increase of adhesion at 30 minutes than that at 60 minutes. Furthermore, as shown in Figure 2C , the FIGURE 1. Effect of low concentrations of H 2 O 2 on the viability of RCE cells. Cultured RCE cells (2 ϫ 10 5 cells /mL) were serum starved (with 0.5% FBS) overnight and then cultured in EGF and serum-free medium for 30 minutes before experiment. Cells were thereby exposed to between (control) and 70 M H 2 O 2 diluted with serum and EGF-free medium for 24 hours. The viability of RCE cells was measured using an MTT assay and data expressed as percentage cell viability compared with control. Results are shown as mean Ϯ SE (n ϭ 6). *P Ͻ 0.05 and **P Ͻ 0.01 compared with control. (Fig. 2C) . These data indicate that cell adhesion can be induced by H 2 O 2 at low levels.
Low Concentration of H 2 O 2 Accelerates Corneal Epithelial Cell Attachment to ECM
In a separate experiment, we examined how well H 2 O 2 can stimulate RCE cells to attach to ECM by observing the morphology of cells adhered to an Fn-coated plate under a phase contrast microscope. As shown in Figure 3 , H 2 O 2treated cells (20 M) exhibited a elongated polarity-shape (arrow) more quickly and progressively than the nontreated cells during the attachment to ECM from 15 to 60 minutes (Fig. 3 ). In particular, H 2 O 2 -treated cells in the 30-minute group showed a more striking difference in acquisition of the cell polarity than those in the 15-and 60-minute groups. This phenomenon, being in line with Fig. 2 , indicates that cells spreading at 30 minutes after H 2 O 2 treatment might be the most dramatic phase of H 2 O 2 -induced changes. In addition, the presence of NAC (100 M) antagonized the H 2 O 2facilitated increase in adhered cells (60 minutes in lower panel of Fig. 3 ) and that NAC alone showed even less attachment with lower cell density than that of the control (60 minutes in the lower panel of Fig. 3 ).
Low Concentration of H 2 O 2 Stimulates Focal Adhesion Formation and Cytoskeleton Rearrangement
We further examined the effect of H 2 O 2 on focal adhesion and cytoskeleton rearrangement by examining the presence of vinculin (a universal maker of focal adhesion) and F-actin during the cell adhesion process using an immunofluorescent detecting technique with anti-vinculin and phalloidin, respectively. Figure 2 . Cells in each group were plated onto an Fn-coated dish for 15 minutes, 30 minutes, and 60 minutes, respectively. Cells were then fixed, and individual fields from multiple experiments were photographed by phase-contrast microscopy. The result is representative of three independent experiments. Arrow indicates cells with polarity shape. 4A, panel 4). These data suggest a central role of H 2 O 2 in cell adhesion to ECM proteins and cytoskeleton rearrangement.
H 2 O 2 at Low Concentration Phosphorylates Src and EGF Receptor on Integrin Engagement
It was reported that Src activation associated closely with integrin engagement, triggered by the released ROS on cell-ECM contact, and that antioxidant could suppress Src activation and attenuate focal adhesion formation during cell spreading. 3, 13 To verify if H 2 O 2 could also induce Src activation and its downstream processes, we first analyzed the levels of activated Src(pY416) in cells after adhesion in the presence and absence of 20 M H 2 O 2 . To test this, Western blot analysis was performed to detect the activated or phosphorylated Src(Y416) and total Src by using specific antibodies against Src(pY416) and Src, respectively. As shown in Figures 5A and 5B Because it is known that the redox-controlled Src also regulates the phosphorylation of EGFR tyrosine at 845 in several environmental settings, including integrin-mediated cell adhesion and migration, 14, 18, 19 we next explored if H 2 O 2 at 20 M might phosphorylate EGFR(Y845) in accordance with the elevated Src(pY416). We used specific antibodies to detect the expression levels of EGFR (pY845) and total EGFR in the same immunoblot described above. As shown in Figures 5C-D, cells treated with H 2 O 2 increase the ratio of EGFR(pY845)/EGFR by 67.5 Ϯ 7.1% (P Ͻ 0.01) over the untreated control (basal level). Parallel to the results of Src in Figure 5A , NAC inhibited EGFR (pY845), and the inhibition could be partially reversed by H 2 O 2 , but the suppressed EGFR (pY845) by PP1 could not be rescued by H 2 O 2 . These data suggest that EGFR (pY845) is Src dependent and oxidation dependent. The above immunoblot analysis showed an equal level of Src or EGFR, indicating that an equal amount of proteins were loaded on the gel.
Finally, because focal adhesion assembly molecules such as FAK(Y576) and vinculin(Y1065) are known to be Src dependent for phosphorylation, 15, 29 we conducted another immunoblot analysis to compare the expression status of vinculin(pY1065) (Fig. 5E ) as well as FAK(pY397) and FAK(pY576) (Fig. 5F) in cells with and without H 2 O 2 treatment. As expected, H 2 O 2 at 20 M also increased vinculin(pY1065) and FAK(pY576) at 173.2 Ϯ 11.1% and 156.4 Ϯ 14.2% (P Ͻ 0.05), respectively, over the untreated control (Fig. 5G ). However, the same level of H 2 O 2 did not affect the integrin-mediated autophosphorylation of FAK at Tyr 397 (Figs. 5F, 5G ). Equal amount of vinculin and FAK on the immunoblot indicates that the same amount of proteins was loaded onto the gel.
Effect of Low H 2 O 2 Concentrations on Corneal Epithelial Cell Wound Closure In Vitro
The confluent monolayer of RCE cells grown in an Fn-coated plate was scraped across with a pipette tip to create a long, narrow wounded region without cells. The wound closure or cell migration into the wounding area was examined in 8 and 16 hours, respectively, after incubation in medium containing 0 (control), 5, 10, 20, 50 M H 2 O 2 , 100 M NAC alone, or 100 M NAC ϩ 20 M H 2 O 2 . Figure 6A still better than the untreated control. Co-incubation of NAC (100 M) partially eradicated the beneficial effect of 20 M H 2 O 2 but better than cells treated with NAC alone. Cells incubated in NAC alone displayed almost no cell migration or wound closure at the end of 16 hours. Quantitative image analysis of the wound closure in 16 hours is shown in Figure  6C , in which 10, 20, and 50 M H 2 O 2 each significantly accelerate wound closure at 138.4 Ϯ 8.0%, 159.1 Ϯ 9.3% and 146.5 Ϯ 9.1%, respectively, over the control. H 2 O 2 at 20 M was significantly more effective than the other concentrations (P Ͻ 0.01). NAC completely prevented H 2 O 2induced cell migration, and NAC alone suppressed the basal level of cell migration down to 33.5 Ϯ 1.1% of the control (P Ͻ 0.01).
It is well known that cell adhesion, spreading, and migration use common signaling pathways. Since Figure 5A showed that low exogenous H 2 O 2 increased the expression of activated Src during cell spreading, we next tested if Src is involved in cell migration or wound healing by using PP1 (a specific Src inhibitor) in the same cell-scraping model used in Figure 6A . The progress of scratch wound closure was monitored and compared among the following groups: 0 (control) M 
Effect of H 2 O 2 on Wound Healing in Pig Cornea Ex Vivo Model
To prove that H 2 O 2 is beneficial to corneal wound healing, we used a pig cornea organ culture model using the methods of Huo et al. 10 modified according to Xu et al. 31 The wounded corneas were divided into three groups: one received no treatment (control), one treated with H 2 O 2 (20 M), and the third group pretreated with NAC (40 mM) and then incubated in 20 M H 2 O 2 , respectively. As shown in Figure 6 , the excised pig cornea is seen mounted on silica gel with the central stain from the medium. The cornea that received no treatment showed a slight change in the size of the central stain (8.3 Ϯ 1.2% wound closure) after 24 hours compared with the 0-hour wound, and 71.5 Ϯ 1.5% progressive wound healing was seen after 48 hours. The cornea that received H 2 O 2 clearly showed a significantly shrinkage of the wounded area (32.4 Ϯ 1.5%, P Ͻ 0.01, compared with control) within 24 hours, and a complete healing was seen after 48 hours (97.8 Ϯ 1.0%, compared with control). In addition, NAC inhibited the beneficial effect of 20 M H 2 O 2 on the wound closure during the observing time.
Effect of H 2 O 2 on Mouse Corneal Wound Healing In Vivo
To examine whether treatment with eye drops containing a low level of hydrogen peroxide is beneficial to corneal epithelial wound healing in vivo, we used C57BL/6 mice and divided them into four groups with four mice in each. Both corneas of each mouse were scraped at the center area with a spatula to form an epithelial wound. In the first three groups, the mouse eyes were treated every 6 hours with eye drop formulation containing 400 M H 2 O 2, 400 M H 2 O 2 ϩ 40 mM NAC, or 40 mM NAC alone. The corneas in the fourth group (control) were treated with PBS without any additive. As shown in Figures 7A and 7B , eye drops containing 400 M H 2 O 2 accelerated corneal epithelial wound healing (decrease in green stain) compared with PBS control during the observing time. Wound closure in H 2 O 2 -treated corneas completed at approximately 36 hours, whereas wound closure in the PBS-treated corneas had 20.7 Ϯ 2.6% unhealed area (P Ͻ 0.01) at the same period and was completely healed around 48 hours (Figs. 7A,  7B ). This H 2 O 2 function was inhibited by the presence of NAC. In the group whose corneas were treated by eye drops containing both H 2 O 2 and NAC, the wound was not healed in 36 hours (22.4 Ϯ 1.9% wound area remained) or at the end of 48 hours (6.0 Ϯ 3.4% wound area remained). On the other hand, corneas treated with NAC alone showed very slow wound closure, with 38.6 Ϯ 4.0% and 22.6 Ϯ 2.5% wound area remaining in 36 and 48 hours, respectively, in comparison with that of the control and H 2 O 2 -treated groups. NAC-treated corneas were completely healed only after 72 hours (data not shown). All eye drop formulations used (400 M H 2 O 2 or 40 mM NAC) did not induce any ocular surface damage either inside or outside the wounded area with no observation of superficial punctuate keratopathy (SPK) or conjunctival congestion.
DISCUSSION
The present study demonstrated that exogenous H 2 O 2 at low concentration has a physiological function in mediating cell adhesion, migration, and wound healing in cornea, parallel to that of epidermal growth factor. 10 Our conclusions are based on the following observations: (1) H 2 O 2 below 50 M did not adversely affect cell viability; (2) Although we did not measure the H 2 O 2 level at the end of each experiment, it was evident that when corneal cells or tissues were pretreated with NAC followed by cotreatment of NAC with the effective dosage of H 2 O 2 , the beneficial effect was totally prohibited or eradicated. The efficacious dosage is limited to a narrow range of 10 -20 M, indicating that this range may be the physiological concentration of ROS in cells needed for facilitating the redox signaling event, while a higher dosage (Ͼ 50 M) alters the redox balance and leads to oxidative stress to the cells or tissues.
It is well known that after integrin engagement, FAK is autophosphorylated on Y397, which binds to the SH2 domain of Src, and the activated Src kinase in the newly formed FAK-Src complex can phosphorylate focal adhesion components, such as FAK(Y576), vinculin(Y1065), and paxillin, etc., leading to various cellular processes. 15, 29 Notably, integrinelicited ROS are mainly produced during late adhesion to ECM, in strict concomitance with Src activation, and have been suggested to play a major role in focal adhesion formation and cytoskeleton rearrangement. 4, 12, 32, 33 In accordance with these findings, our results (Figs. 5A, 5C) showed that exogenous H 2 O 2 enhanced the supply of activated Src (Src[pY416] ) and the subsequent downstream FAK(pY576) and vinculin(pY1065). However, H 2 O 2 had no effect on the integrin-induced autophosphorylation of FAK(pY397), indicating the action of H 2 O 2 is target specific. Our studies also demonstrated that activation of Src was essential for the intergrin-dependent EGFR activation, because inhibition of Src (PP1) completely eliminated the expressions of both Src(pY416) and EGFR(pY845) (Fig. 5B) . These results corroborate with the findings of Block et al. 18 and Xu et al. 19 Our data also suggest that ROS is necessary for Src activity on integrin-ECM engagement in RCE cells, since the adhesioninduced Src(pY416) or the basal-activated Src was nearly wiped out by NAC but was restored fully after H 2 O 2 treatment (Fig. 5A) . These data were consistent with the molecular mechanism elucidated in fibroblast and other cell types that ROS can directly activate tyrosine kinase Src by oxidizing its two conserved Cys moieties during cell spreading. 12, 13 Most interestingly, activation of EGFR upon integrin-ECM engagement appeared to be also ROS dependent, similar to that of Src (Fig.  5C ). These results confirm the findings and suggestions of Chiarugi and colleagues 3, 13 that ROS play an important role in cell adhesion, spreading, and related processes.
Giving the importance of redox-controlled Src in cell adhesion, spreading, and survival as observed by Chiarugi and colleagues, 3, 13 and our confirmation of the H 2 O 2 -induced Src activation, it is reasonable to expect that H 2 O 2 could benefit the wound-healing processes as observed in the cell scratch wound model (Fig. 6 ) and the corneal tissue models in vitro ( Fig. 7) and in vivo (Fig. 8 ). Xu et al. 19 provided evidence that Src was essential in wound healing because inhibiting Src with a specific inhibitor (PP2) could blot the wound healing in the scratch wound model using corneal epithelial cells. We confirmed their findings by demonstrating in the same model using primary RCE cells. Furthermore, we observed that the retarded cell migration caused by PP1 (an analog of PP2) was unable to be lifted by H 2 O 2 (Figs. 6B, 6C ). It is likely that PP1 interaction with Src may have caused conformational changes so much so that the two critical Cys become inaccessible to ROS.
Our present study was conducted in the absence of serum or growth factors but showed pivotal phosphorylation of EGFR(Y845) that is known to link with several signaling pathways induced by EGF for cell survival and mitogenic signaling, such as PI-3K and MAPK. 34, 35 Thereby, this led us to speculate that a low level of H 2 O 2 might mimic growth factor to achieve the above positive physiological events by increasing Src activity. How H 2 O 2 activates Src and other elements in cell adhesion, migration, and wound healing and what pathway it takes to achieve some of the observed functions will be the subjects of future studies.
Of all the ROS species, H 2 O 2 is the most stable oxidant, and it can diffuse across cellular membranes through water channels and causes oxidative protein modifications at distal areas from its production site or entry point 22 . Therefore, H 2 O 2 is often selected as a model agent for oxidation studies. Previously, extensive reports can be found on oxidative injury to cells or tissues induced by a high dose of H 2 O 2 . In recent years, many new findings suggest that ROS are essential mediators for the mitogenic action of growth factor/cytokine in cell signaling. This regulatory function is called redox signaling. Thus, many reports on the positive effect of ROS at low concentration on cells are emerging. Peden et al. 20 noted that low amounts (5-20 M) of H 2 O 2 had no effect on mast cell function, whereas cell proliferation was inhibited by 75-200 M H 2 O 2 . Chen et al. 9 reported that 10 -20 M of H 2 O 2 could increase cell proliferation in human lens epithelial cells, but concentration higher than 50 M was harmful. However, Alexandrova et al. 36 reported that 50 M H 2 O 2 could increase Ras activity and enhance cell adhesion and cell motility in rat fibroblast cells. Haendeler et al. 37 also indicated that 10 -50 M H 2 O 2 was protective for endothelial cells, whereas 100 M H 2 O 2 exerted cytotoxicity. Our current findings are in line with these reports and confirm that ROS can produce a twosided effect on cells, depending on the dosage used and the cell type applied.
We used three models to examine the beneficial effect of H 2 O 2 at low dosage to cell migration-wound healing, including cell culture, ex vivo, and in vivo models. In each case, we used an effective antioxidant NAC to prove that during cotreatment of NAC and H 2 O 2 , corneal cells or tissues could no longer heal properly, indicating the beneficial factor is indeed H 2 O 2 . It is important to point out that a high level of NAC has been considered toxic to cornea in several reports. 10, 38, 39 Some of the studies used very a high level of NAC (20% or 1.34 M) for treatment. Although no suggestion was made as to the nature of its toxicity, based on our present study, we speculate that the toxic nature of NAC at a high level is over-antioxidation. Because cells require a redox-balanced environment to maintain a healthy status, the treatment of the cornea with a high level of NAC (which strong antioxidation capability can remove the basal level of ROS in cells needed for maintaining general health) can result in a state of redox imbalance with a hypo-oxidative condition. Furthermore, it is clear from Figures  5 and 7 that when NAC was administered alone, the wound healing was extensively retarded, but when NAC was applied together with H 2 O 2 , the healing process was greatly improved. Furthermore, the centrifugation assay (Fig. 2C) indicates that NAC alone suppressed cell adhesion extensively, but that suppression was considerably reduced when H 2 O 2 was also present with NAC.
It is worth noting that the antioxidant NAC could be beneficial to cornea wound healing in certain conditions, such as the case of partial alleviation of high glucose-induced retardation in wound healing in cultured human corneal epithelial cells. 40 This opposite effect of NAC in wound healing is reasonable because a high glucose or diabetic condition is known to induce oxidative stress in the cells or tissues, 41 and thus a suitable amount of NAC (25 M or 25% of the dosage used in our present study) used in the study of Xu et al. 40 may have eliminated part or all of the oxidants derived from hyperglycemia and thereby under those conditions have a beneficial effect on corneal wound healing.
It is difficult to estimate the amount of H 2 O 2 that can be effective in vivo from the amount of H 2 O 2 that has been shown to be effective in vitro. Based on the literature, 42 an estimated efficacious dosage of EGF in vivo is approximately 20-fold higher than that of EGF in vitro (cell culture). It is reasonable to use such an estimation because when using eye drops with any drug formulation for in vivo studies, frequent eye blinking and tear washing can dilute and decrease the actual amount of drug retained and absorbed by the corneal epithelial cells. We applied the same principle to our in vivo studies and used 400 M H 2 O 2 (20 times the efficacious 20 M H 2 O 2 in cell culture studies). Despite the fact that H 2 O 2 is a smaller and easily diffusible molecule than EGF, our result in Figure 7 indicates that such approach is quite suitable.
In summary, we have provided evidence that a low level of H 2 O 2 , in particular, a 20 M level, can promote corneal epithelial cells migration and wound healing by enhancing Src activity on integrin engagement.
